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ABSTRACT 

Since  opinions  differ  as  to  whether  the  oxidative  and  glycolytic 
capabilities  of  skeletal  muscle  are  altered  in  acute  infection,  the 
activities  of  two  oxidative  and  one  glycolytic  enzyme  were  determined  in 
homogenates  of  skeletal  muscle  of  rats.  Groups  were  inoculated  with 
Francisella  tularonsls  72  h  prior  to  study  or  with  Salmonella 
typhimurlum  or  Streptococcus  pneumoniae  48  h  before  enzyme  analysis, 
for  comparison  with  noninfected  controls.  The  activities  of  six 
lysosomal  enzymes  (acid  hydrolases)  and  protein  and  DNA  concentrations 
were  also  measured.  All  determinations  were  made  separately  on  red 
(slow  twitch)  and  white  (fast  twitch)  muscle  tissue,  because  these 
muscle  fiber  types  function  during  different  types  of  exercise. 

In  the  tularemia-  and  Salmonella- Infected  rats,  the  oxidative  enzymes 
of  muscle  were  decreased  to  56  to  83%  and  the  glycolytic  enzyme  to  30  to 
75%  of  control  activities.  Reductions  during  tularemia  were  statistically 
correlated  with  whole-cell  protein  degradation,  while  that  of  the  glycolytic 
enzyme  was  paralleled  by  activation  of  lysosomal  enzymes.  In  the 
pneumococcal  infection,  only  reduced  glycolytic  activity  was  significant. 
Muscle  DNA  concentrations  were  unchanged  in  any  infection. 

Thus,  in  representative  bacterial  infections,  glycolytic  enzyme 
situated  in  the  cytosol  showed  an  earlier  and  relatively  more  pronounced 
loss  of  activity  than  did  the  intramitochondr ially  located  oxidative 
enzymes.  Since  red  and  white  muscle  tissues  responded  similarly,  tiie 
mechanisms  or  pathways  for  mediating  those  responses  in  infecti('n 
appeared  to  be  independent  of  those  properties  that  constitute  the 
difference  between  muscle  fiber  types.  In  e.ontr;ist  ,  in  several  other 
physiologic  or  patiiologic  states  tliat  involve  a  catabolic  respi'use  in 
muscle,  predominant  catabolism  (or  damage)  usually  occurs  in  one  or  the 


other  fiber  types. 
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In  acute  infectious  disease  as  in  other  stressful  states,  negative 
nitrogen  balance  often  develops.  Skeletal  muscle  protein  degradation 
accelerates  to  provide  amino  acid  substrate  for  hepatic  gluconeogenesis , 
while  muscle  protein  synthesis  decreases  (6,  26,  27).  This  combination 
of  metabolic  events  results  in  reduced  muscle  mass  (26)  and  impaired 
muscle  function  (1,  10,  11).  There  are  reports  in  humans  that  the 
activities  of  oxidative  and  glycolytic  enzymes  of  skeletal  muscle,  which 
are  correlated  with  the  capacity  to  perform  exercise  (15),  may  become 
transiently  depressed  as  a  result  of  infection  (2,  3). 

A  searcli  of  the  literature  revealed  very  few  animal  experiments 
concerning  effects  on  oxidative  or  glycolytic  potentials  of  striated 
muscle  in  infection;  no  studies  of  muscle  lysosomal  enzyme  activities 
were  found.-  Run  and  Miller  (18)  reported  an  inhibition  of  succinic 
dehydrogenase  but  not  of  cytochrome  c_  oxidase  activity  in  rabbit  skeletal 
muscle  by  meningococci  and  Salmonella  endotoxin.  In  a  later  multi-organ 
metabolic  study  of  Streptococcus  pneumoniae  infection  in  the  rabbit, 
Guckiap  (13)  found  no  impairment  of  glycolysis  or  the  oxidation  of 
palmitate,  glucose  and  pyruvate  in  skeletal  and  heart  muscle. 

The  purpose  of  the  present  investigation  was  to  study  effects 
of  bacterial  infection  on  oxidative,  glycolytic  and  lysosomal  enzyme 
activity  in  skeletal  muscle  using  three  different  standardized  bacterial 
infection.s  in  the  rat,  i.e.,  tho.so  caused  by  Franc  i  sel  1  a  t  u1  arena  i  s  , 
Salmonel la  typhimurium  or  S.  pneumoniae .  Muscle  protein  and  DMA 
concentrations  were  determined.  Red  and  white  musile  tissue  were  studied 
separately,  since  they  liavc  different  metabolic  and  pliy.sieUigic 
properties.  Thus,  red  (slow  twitch,  type  1)  muscle  fibers  contain  more 
mitochondria  and  are  surrounded  by  a  d.enser  net  of  c.iivi  1  1  ar  ies  than  the 
white  (fast  twitch,  typi*  II}  fibers.  The  latter,  instead,  have  a  larger 
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glycolytic  capacity.  Rod  fibers  are  adapted  to  long  time,  low  Intensity 
typo  exorcise,  whereas  the  white  fibers  are  recruited  predominantly  for 
short  time,  high  Intensity  efforts  (15).  If  alterations  predominate  in 


one  of  the  other 
capabilities  may 


fiber  types,  dlfferi’nt  patterns  of  change  in  physical 
result . 
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MATERIALS  AND  METHODS 


Animals .  Male  Sprague-Dawley  rats  (Taconic  Farms,  Germanto\m,  N.Y.) 
weighing  200-300  g  were  maintained  on  a  commercial  diet  (Wayne  LabBlox, 
Allied  Mills,  Inc.,  Chicago,  Ill.)  until  the  beginning  of  an  experiment 
and  were  housed  in  rooms  maintained  at  23  +  1°C.  The  Initial  mean  body 
weights  (+  SE)  of  the  ruts  were  for  the  tularemia  infection,  256.4  +2.5 
g,  pneumococcal  infection,  235.6  +  3.9  g  and  Salmonella  infection,  273.1 

±  2.6  g. 

Infections.  Rats  \-iere  inoculated  intraperitoneally  (i.p.)  with 
2.20  X  10^  virulent  colony-forming  units  (CFU)  of  unwashed,  F^.  tularensis 
live  vaccine  strain  (LVS)  that  had  been  grown  on  solid,  fortified 

g 

glucose-cysteine-blood  agar  or  with  3.20  x  10  CFU  of  unwashed,  nutrient 

agar-gro\m,  virulent  typhimurium,  or  subcutaneously  (s.c.)  in  the  nape 

4 

of  the  neck  with  2.95  x  10  CFU  of  nonwashed  pneumoniae ,  type  Ia5, 
that  had  been  cultivated  on  brain-heart  infusion  broth  (19) .  Control 
rats  were  administered  similar  volumes  of  sterile  tryptose  saline.  Food 
was  withdra\m  from  both  inoculated  and  control  rats  after  the  inoculation 
but  water  was  supplied  ad  libitum. 

Sampling.  Six  infected  and  6  control  rats  were  studied  in  eacli 
infection.  Rats  were  killed  48  h  after  inoculation  except  for  the 
tularemia  infection,  for  wliich  the  sacrifice  time  was  72  h.  Tiiese 
timings  were  found  to  represent  the  peak  of  cacli  illness.  Rectal 
temperatures  wore  recorded  at  that  time  using  a  thermocouple. 

Rats  were  rendered  unconscious  by  a  blow  to  the  head  prior  to 
decapitation ,  whicli  took  1-2  sec.  Blood  was  then  allowed  to  run  into 
plastic  tubes  and  clot.  The  quadriceps  muscle  was  then  (|uickly  removed 
and  put  on  ice,  after  which  muscle  samples  were  carefully  selected  to 
avoid  fibrous  tissue.  Samples  from  the  proximal  deep  and  distal 
superficial  parts  of  that  muscle  represented  predominantly  red  and 
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white  tissue,  respectively.  After  cutting  to  small  pieces  with  scissors, 
the  samples  were  immediately  weighed  and  liomogenized  in  33  times  (w/v) 
ice-cold  0.15  mol/liter  KCl,  6  mmol/ liter  EDTA,  50  mmol/liter  KHCO^ , 
pH  7.4,  using  manual  all-glass  homogenizers.  This  procedure  was 
performed  at  0  to  4°C. 

Assays .  The  homogenate  was  used  for  determination  of  the  activities 
of  cytochrome  ^  oxidase  (CYTOX;  E.C.  1.9. 3-1)  (23),  citrate  synthase 
(CS;  E.C.  4. 1.3. 7)  (22),  glyceraldeiiyde-3-phosphate  dehydrogenase 
(=triose-phosphate  dehydrogenase,  TPD;  E.C.  1.2.1.12)  (5)  and  the 
following  acid  hydrolases,  using  methods  except  that  of  cathepsin  D 
essentially  as  described  by  Barrett  (4):  p-nitrophenyl  phosphatase 
(p-NPPase;  E.C.  3. 1.3. 2),  acid  ribonuclease  II  (RNasc;  E.C.  3.1.4,22) 
6-glucuronidase  (GUase;  E.C.  3.3.1.31),'  arylsulphatase  A  (ASase;  E.C. 

3. 1.6.1),  cathepsin  C  (cat  C;  E.C.  3.3,14.1)  and  cathepsin  U  (cat  D; 

E.C.  3.4.23.5)  (S) .  Total  muscle  protein  (19)  and  DNA  (25)  were 
determined. 

All  assays  except  those  for  RNase,  GUase  and  cat  C,  protein  and 
DNA  were  performed  immediately.  The  latter  were  performed  on  homogenates 
that  had  been  frozen  and  thawed.  Since  DNA  showeti  no  significant  change 
and  strictly  standardizetl  timings  of  procedures  were  employed,  all 
measured  variables  were  calculated  and  expressed  per  gram  "wet"  muscle. 

Serum  was  used  for  determination  of  zinc  according  to  the  method  of 
Pekarck  et  al.  (21). 

Statist i CS .  Comiiarisons  were  made  and  correlation  coefficients 
tested  by  means  of  Student's  t-test,  which  compared  control  and  expi'iimental 
groups  in  euc!i  illness. 
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RESULTS 

Rats  responded  to  the  infections  in  a  manner  expected  from 
previi'Lis  studies  (20).  i'he  severity  of  fever  and  serum  ?:inc  depression 
at  the  time  of  kiLliny  are  sho\vn  in  Fig.  1.  Enzyme  activities  and 
protein  and  DNA  concentrations  in  muscle  of  control  rats  are  given  in 
Tabie  i. 

In  the  tularemia  and  Salmonell a  infections  the  activities  of  CYTOX 
and  CS  were  decreased  to  65  to  83"  of  corresponding  control  values, 
whereas  in  tlie  pneumococcal  infection  alterations  were  insignif icant 
(Fig.  2).  in  tularemia,  CYTO.X  and  CS  decreases  were  somewliat  greater 
in  white  than  in  red  muscle,  but  for  the  other  infections  no  such 
difference  was  evident.  Althougli  statistically  significant  onl\-  f or 
tularemia,  TPU  activity  was  reduced  in  all  three  infections.  On  a 
percentage  basis,  the  effect  of  infection  on  TPD  activity,  a  reduction 
to  30  to  75/)  of  activity  in  controls,  was  more  pronounced  than  the 
effects  on  CYTOX  and  CS  activity. 

The  acid  liydrolases  showed  increa.sed  activity  only  in  tularemia, 
with  a  pattern  approx iniateiy  similar  in  both  rod  and  white  fibers.  The 
muscle  protein  concentration  was  significantly  reduced  only  in  tularemia. 
However,  DNA  concentrations  were  unaltered  in  the  three  infections  (Fig. 
2). 

Since  the,  most  pronounced  alterations  were  found  in  tularemia, 
correlation  coefficients  were  calculated  to  compare  the  responses  among 
the  enzymes  of  red  and  white  muscle.  Some  of  tiie  more  meaningful 
correlations  are  sliown  in  Fig.  3.  In  both  red  and  white  muscle,  Tl’l)  was 
negatively  cf>rrelated  with  several  of  tl)c  acid  hydrolase^:  aiul  did  not 
correlate  witli  cli.ing.es  in  protein  concentrat  ion.  Significant  c<irrcl  at,  ions 
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v^'ero  1  oiincl  only  in  rats;  na  trund.s  t'f  i-i'r ra  1  a t ion  wero  disoernod 

in  tho  control  ;yroup  (I'i;;.  3a). 

Citrate  synthase  correlated  negatively  with  only  a  I'l’W  of  the  acid 
n.drolases  (Fig.  3b),  but,  on  the  other  hand,  a  p<isiti\'e  C('rrela  t  i  ivi 
with  I'la'tein  concentration  was  foiniil  in  both  red  and  wliiCe  muscle. 

CYTOX  showed  similar  positive  correlations  witli  protein  as  did  CS ,  but 
CYTO.X  correlatetl  with  none  of  the  acid  hydrolases. 

Among  the  acid  hydrolases,  Chase,  pNPl’ase,  and  cat  D  most  frequently 
produced  correlation  coefficients  of  0.5  or  more  wlien  compared  with  other 
acii.1  hydrolases  in  eitlier  red  or  white  muscle.  In  contra.st,  ASase 
changes,  the  other  extreme,  did  not  correlate  with  any  other  acid  hydrolase. 
On  the  whole,  the  acid  hydrolases  were  activaCei.1  during  tularemia  in  a 
similar  pattern  in  red  and  white  muscle  and,  for  each  enzvTiie,  a 
correlation  coefficient  of  at  least  0.5  was  obtained  when  activities  in 
red  aiiLi  white  i:)uscie  were  compared.  Similar  correlations  were  also 
recorded  for  CVi'O.X,  OS,  Ti’D  and  protein. 

Dl.SCllSSlO.N 

in  the  generali.-.ed  bacterial,  infections  usoil  in  the  present  study, 
a  decrease  was  often  found  in  the  activities  of  glycolytic  and  oxidative 
eny.yrics  in  ski'ietal  muscle.  Tlie  v'ariable  extent  of  the  reduction  in 
enzyme  activity  may  he  explainetl  by  differences  in  the  etiology  and/or 
the  duration  of  each  infection.  For  tularemia,  in  which  the  nuist 
significant  alterations  were  recorded,  the  rats  had  been  infected  for  72  h 
at  the  Lime  of  sampling,  wherens,  for  t  lie  ollu-r  infecLiens,  the 
correspond  ing,  time  was  48  h.  In  acute  iufi'cLions  of  man,  a  neg,ali\'e 
nitrog.en  halaiue  heg.ins  only  afli>r  the  ousel  of  fiu’er,  hut  tiu’ 
cumulative  loss  of  hoilv  nitrogen  becomes  increasingly  evident  as  time 


elapses  (1,  6).  I'he  more  pronounced  eirects  recorded  in  the  S.i  Ir.imie  I  la 
infection  than  in  the  inioumoi-occal  infection,  alchouc,h  both  lasted  for 
•48  h,  may  be  ascribed  to  differences  in  p;iLhoyenic  responsiveness  o 
the  bacteria  or  their  components.  An  endotoxin  effect  on  niusc-]e  enzvines 
may  'nave  been  present  in  the  S.aljTityru^J^la^  infection,  since  tlie  host's 
resiionsc  to  the  infection  as  measured  by  fever  and  serum  zinc  depression 
were  similar  in  both  the  Salmoneil a  and  pneumococcal  infections  (Fiy.  1). 

In  skeletal  muscle,  as  in  other  tissues,  acid  liydrolases  become 
activated  in  states  associated  with  increased  tissue  degradation  or 
turnover,  such  as  fasting,  disuse  (7;  c>t  pliysical  training  (24).  Kith 
several  exceptions,  activities  of  acid  hydrolases  were  increased  in  the 
present  study  only  in  tularemia.  This  was  the  only  infection  to  siiow 
any  significant  decrease  of  muscle  protein  concentration.  Hou'ever, 
correlations  between  the  acid  hydrolases,  including  the  proteases 
cat  C  and  !)  on  the  one  hand,  and  protein  concentration  on  tiie  other, 
were  poor.  This  may  be  explained  by  the  fact  that  these  acid  hydrolases 
may  be  involved  primarily  in  the  degradation  of  sarcoplasmic  protein 
(16,  24),  whereas  myofibrillar  protein  predominates  in  the  muscle  cell 
(14).  In  support  of  this  concept,  sig.n  Ifioant  correlations  were  found 
between  the  activity  of  aciit  hydrolases  and  the  s;!rcoplaS!;ii  c  enzyme  Tl’l') 
during  tularemia  in  rats  (Fig.  la). 

Cytoclirome  c^  oxidase  is  an  integral  protein  of  inner  mi  tc’cliond  r  i  a  1 
membrane.  This  anatomical  localization  may  account  for  a  lack  of 
significant  correlations  with  the  acid  liydrolases.  (In  tlie  other  liand , 
CYi'OX  v.'as  signif  icantl  y  correlated  witli  protein  conci'ii  t  ra  t  i  on  ,  raisinr, 
tlie  possibility  that  similar  molecular  meclianisms  mlpjit  account  tor 
both  C'l’TdX  i  n.ic  t  1  va  t  i  on  and  imisi'le  cell  protein  dcp.rada  t  i  on  (Fig,,  lb). 
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riie  act  iviL  ii.'S  nf  .several  acid  hydrolases  of  skeletal  muscle  are 
increased  ctmeomi tant 1 y  in  response  to  various  influences,  e.g.,  fasting, 
i:;'.:iK'i)i  1  i /.at  ion  and  physical  tr.iininj;  (7,  2\) .  We  found  similar  inrrease.s 
during  tul.iremia  in  the:  pre.sent  study,  although  comparisons  between  some 
enzymes  correlated  more  clo.scly  tl)an  those  .among  others. 

In  the  present  study  a  strict  "every  other"  order  of  test  and 
control  rats  was  followed  and  an  exact  timing  was  employed  in  sampling. 
Analytic  results  were  calculated  per  gram  of  "wet"  muscle.  The  unaltered 
concentration  of  muscle  DNA  in  ail  three  infections  confirms  the  value 
of  DX.\  as  an  "internal"  reference  standard  in  muscle.  Tlie  somewhat 
larger  variance  in  tlie  results  of  TPD  than  in  those  of  the  other 
enzymes  may,  at  least  in  part,  be  explained  by  the  possibility  that  TPD 
activity,  being  ratlier  labile,  might  luive  decreased  somewhat  prior  to 
the  period  of  analysis.  However,  with  the  procedures  employed,  any 
decreases  would  have  been  comparable  in  both  the  experiiBcntal  groups  and 
their  controls. 

In  the  present  study,  alterations  in  enzyme  activity  in  response 
to  Infection  generally  occurred  to  a  similar  extent  in  botli  red  and  white 
muscle  tissues.  This  agrees  with  findings  in  .a  previous  human  study 
of  skclct.al  muscle  lactate  dehydrogenase  isozymes  in  infection  that  gave 
indirect  evidence  that  both  fiber  types  are  similarly  affected  (12). 

This  is  the  first  direct  evidence  that  skeletal  muscle  degradation 
occurs  at  roughly  similar  rates  in  red  and  white  muscle  durin;.’,  bacterial 
infection.  Tliese  rc;uii  ts  sugg.est  that  the  metaholic  responses  to 
Infection  are  sufficieutiy  g.ener.i  I  i  zed  that  red  anti  white  fibers  show 
comp.irablc  changes.  This  .similarity  contr.ists  with  differences  in  the 
responses  of  Lhe.se  types  of  fiber  in  cerl.iin  other  dise.ist's  or  stresses 
involving  muscle.  Thus,  in  a  study  by  Vihko  et  al.  (24),  physical 
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training  caused  activation  of  a  larger  number  of  acid  hydrolases  in  red 
muscle  tissue  than  in  white,  although  the  training- induced  build-up  of 
citrate  synthase  activity  was  quite  as  marked  in  tlie  white  fibers, 
indicating  considerable  recruitment  and  loading  of  both  fiber  types. 
Similarly,  denervation,  iscliemia  or  vitamin  E  deficiency  may  predominantly 
affect  red  fibers  (2A)  ,  whereas  rheumatoid  arthritis  (9)  and  alcoholism 
(171  cause  a  selective  hypotropliy  of  white  fibers.  Therefore,  the 
present  finding  of  similar  responses  in  white  and  red  muscle  in  terms  of 
activation  of  acid  hydrolases  and  protein  degradation  suggests  that  in 
infection,  several  or  different  metabolic  pathways  are  employed  to  evoke 
these  responses  compared  to  those  at  work  in  the  aforementioned  states. 
These  infect  ion-induced  responses  appear  to  be  unassociated  with  the 
specific  morphologic,  physiologic  and  biochemical  properties  that 
constitute  the  different  muscle  fiber  types.  This  concept  agrees  with 
tlie  hypothesis  that  the  response  of  muscle  to  infection  is  primarily 
catabiiiic,  whereas,  that  of  training  exercise  contains  both  a  small 
catabolic  component  and  a  predominating  anabolic  response  (24),  which 
may  be  independently  mediated  in  muscle. 

In  conclusion,  bacterial  infections  of  different  etiologies  caused 
a  decrease  in  the  activities  of  oxidative  as  well  as  of  glycolytic 
enzymes  of  skeletal  muscle,  and  a  siimiltanous  activation  of  several 
lysosomal  enzymes.  All  effects  occurred  to  similar  extents  in  red  and 
white  muscle  tissue  but  were  most  pronounced  in  tularemia,  the  infection 
that  lasted  longest.  Tlie  glycolytic  enzyme  in  tlie  sarcoplasm,  showi'd 
an  earlier  and  more  pronounced  res|ionse  than  did  oxidative  enz.ymes 
with  an  int rami tochond r la  1  location.  Negative  correlations  existi’d 
between  activities  of  glycolytic  and  lysosomal  enzymi's,  whereas  positivi' 
correlations  were  produced  by  oxidative  enzyme  activities  and  total 
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intraciJl  1  ular  protein.  The  efpinlly  pronounced  catabolic  responses 
to  bacterial  infections  in  red  as  in  white  muscle  fibers  sup.gest  that 
the  mechanisms  which  mediate  these  responses  in  infection  differ  from 
those  in  other  states,  such  as  training  or  denervation,  which  include 
a  catabolic  comi'onent  in  muscle. 
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riGUUK  LliCI'NDS 

I'lG.  1.  8iu^t.il^  r^pijK'rnturc  ,111^  scrum  zinc  concentration  in 
prw'cpoii  i.ic-,  S.  t  vph  ijiuir  i  iim-,  and  K.  tul/ironsis-infocted  rats  ) 

aiii!  cc'iit  rj.)ls  (  Q  ).  Group  moan  +  SH  values  are  shov^m. 


r  K'. .  1.  ^pt^lfic  activities  of  enz^me^  and  protein  and  DNA 
concent  rat  ions  in  p^r  cent  (^f  controls  _Li  red  and  white  muscle  in 
(a)  S.  pneumoniae ,  (li)  S.  typhimurium,  aji^  (c)  F.  tularensis  infections . 

1  -  cviochrome  c  ox  idasc  (C.YTOX)  ,  2  =  c  i  trate  syntliase  (CS), 

J  -  t  r  Lose-pliosplinte  dehvdroe.enase  flFD),  A  =  p-n i*~roplicnyl  phosphatase 
(^-Nl’Pasi  )  ,  5  -■  £ciJ  r  i  hoinic  lease  11  (KN'ase)  ,  h  =  r -glucuronidase  (GUgse)  , 
7  =  ai  v  Lsu  I  pliat  ise  A  (.•^S_ase^) ,  8  =  cvi_Lhep,siji  G  (cat  C)  ,  9  =  catliepsin  D 
(cat  D)  ,  to  =  protein,  and  II  =  DN'A.  Asterisks  indicate  stat  istically 


M  niii  icant  d  i  t  1  erem-es ,  1>  ■:  0.0'),  1’  <  0.01,  ruid  P  <  0.001. 


IIG.  ).  (a)  ifio;;e  phiu'.plial  <•  dehvd  roc.etiase  (TPO)  ni’tivitv  in 
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